I. INTRODUCTION
Since the introduction of x-ray computed tomography (CT) in 1973, as the first transaxial tomography model, it has revolutionized radiographic imaging and become a cornerstone in the development of other tomographic modalities. 1 However, the contrast mechanism of all of the mainstream x-ray CT imaging has been attenuation based, and its use in molecular imaging remains limited due to lack of highly sensitive x-ray molecular agents. 2 Recently, based on nanophosphors or other similar materials, x-ray luminescence imaging opens up new possibilities for the use of x-ray imaging in molecular tracers in vivo. Scintillator material is widely used in x-ray medical imaging detector applications. 3 These scintillator elements (such as Lu, Eu, Ce, Pr, Nd, Sr) are well-known for their efficient luminescence properties, which have been reported frequently in recent years. 4 When excited with x rays, these particles can be fabricated to produce visible or near infrared (NIR) luminescence which can be measured by sensitive photon detectors. 5 Because both x rays and NIR photons can propagate long distances in tissues and these nanophosphors are also able to target biological processes specifically, they are particularly well suited for in vivo biomedical imaging. Therefore, such materials can be used as molecular imaging agents during x-ray imaging.
X-ray luminescence computed tomography (XLCT) is proposed as a novel molecular imaging modality based on the selective excitation and optical detection of x-ray-excitable phosphor nanoparticles. [6] [7] [8] [9] The sample is irradiated by a sequence of narrow x-ray beams. Then the x-ray luminescence is measured by a highly sensitive charge coupled device (CCD) camera. No matter where the photons are detected, it is known that those photons are emitted from somewhere along the path of the x-ray beam. Regarding the CCD camera as a "single-pixel detector," a projection sinogram of XLCT is formed by summing all of the pixels together. 6 Reconstructed images can be obtained by backprojecting the sinogram along the x-ray beam path, as conventional CT does. In one study of narrow beam XLCT imaging, the phantom was translated 26 times in increments of 1 mm and was rotated 24 times to cover 360
• . 6 In such a scheme, the reconstruction results are not affected by the scattering of photons. The spatial resolution is determined by the beam size and sampling. 6 Since it utilizes a narrow beam, the scanning of XLCT is very similar to the first generation of CT scanners, which use a pencil beam and work in a translation-rotation mode. This results in a relatively long sampling time. In addition, restricting the x ray to a narrow beam means most of the x-ray photons have been wasted during scanning.
There are some other optical imaging methods except for this new XLCT technology which has been developed during the past few years with the advance of specific probes and development of mathematical models. 10, 11 Bioluminescence and fluorescence imaging are among the most widely used optical imaging methods. [12] [13] [14] One of the difficulties in bioluminescence and fluorescence imaging is the high scattering of light in biological tissues. The radiative transfer equation (RTE) model is suitable to describe this physical process. Meanwhile, with its approximation methods and improvements in reconstruction methods, it is possible to reconstruct the location of the sample in highly scattering tissues for the bioluminescence and fluorescence imaging. This model has achieved good reconstruction results so far. [15] [16] [17] [18] However, bioluminescence and fluorescence imaging both have disadvantages. The bioluminescent probes generate a relatively weaker signal and there exists a serious ill-posed problem due to limited collection of data without external excitation. 19 As for fluorescence imaging, even though importing of external excitation to initiate fluorescence introduces collection from different angles to improve the ill-posedness, a significant background signal still limits the sensitivity of imaging. 11 XLCT can overcome these disadvantages and realize signal collection from different angles without the worry of a significant background signal.
In this paper, a novel x-ray compensated cone beam luminescence computed tomography strategy is proposed, in which a cone beam x ray is adopted to illuminate the sample and a highly sensitive CCD camera is utilized to acquire luminescent photons emitted from the sample. The scattering of the luminescent photons plays an important role during imaging, as is done in bioluminescence tomography (BLT) (Ref. 20) and fluorescence molecular tomography (FMT). 21 Therefore, we employed the diffusion approximation (DA) model to describe the photon propagation in tissues. Meanwhile, the sparse regularization was adopted to reconstruct the luminescent sample. An incomplete variables truncated conjugate gradient (IVTCG) method and permissible region strategy were employed in the reconstruction problem. 22, 23 Compared with the above narrow beam XLCT, cone beam XLCT can fully utilize the x-ray dose and the scanning time will be shortened. Meanwhile, the use of x-ray excitation can eliminate autofluorescence in optical fluorescence imaging and realize signal collection from different angles.
The paper is organized as follows. Section II presents our experimental setup, cone beam XLCT imaging model, and reconstruction method. Simulation and physical phantom experiments are shown in Sec. III to demonstrate the feasibility of the cone beam XLCT modality. Finally, we conclude the paper and discuss relevant issues in Sec. IV.
II. METHODOLOGY

II.A. Imaging system strategy
The schematic diagram of the cone beam x-ray luminescence CT is shown in Fig. 1 . This imaging system includes a cone beam x-ray source, an x-ray flat panel detector to collect the transmitted x rays, a CCD camera to collect the emitted x-ray luminescence and a rotation stage which is not shown in Fig. 1 to locate the experiment phantoms in experiments. The system can perform not only cone beam XLCT imaging, but also conventional x-ray micro-CT imaging. If we collect the emitted luminescence by the CCD camera, the XLCT experiment will be carried out. If we collect the transmitted x rays using the x-ray flat panel detector, the x-ray micro-CT experiment will be performed.
An ideal case is to perform both XLCT and conventional micro-CT imaging simultaneously. However, limited by the hardware performances, we have to carry out XLCT and micro-CT imaging sequentially using the current system. How to perform these two modalities simultaneously will be studied in the future.
II.B. Imaging model
The imaging model was established based on the above imaging system. X rays were emitted from the x-ray source and traveled through the tissues or the phantoms. As soon as the x ray is transported to the sample in the tissues as shown in Fig. 1 , the sample emits NIR light as follows:
where S(r) is the light source, X(r) is the x-ray intensity, ρ(r) is the nanophosphor density at position r and ε is the light yield. According to Lambert-Beers' law, the x-ray intensity distribution can be expressed as follows when x rays traveled through the tissues:
where X 0 is the x-ray source intensity with the initial position r 0 , and μ t (τ ) is the x-ray attenuation coefficient at position τ that can be computed from x-ray transmission data using an attenuation-based CT technique.
With the purpose of comparing the effect of the x-ray attenuation on the reconstruction, we considered two different methods: the compensated method and the uncompensated one. In the compensated method, the x-ray intensity X(r) in tissues is calculated by the Lambert-Beers' law in Eq. (2) . In this case, partial energy is absorbed by the tissues before the x rays arrive in the sample. In the uncompensated one, x-ray attenuation is not considered, which means that X(r) is a constant X 0 during the x ray traveling through the tissues.
The light transport in biological soft tissues can be accurately modeled by the RTE. 24, 25 Owing to the highly scattering and weakly absorbing properties of the soft tissues in the NIR spectral region, RTE is usually simplified with diffusion approximation. 25 So, the imaging model can be expressed as
where r is the position vector and is the domain under con-
is the diffusion coefficient with μ a (r) as the absorption coefficient, g as the anisotropy parameter, and μ s (r) as the scattering coefficient.
(r) is the photon flux density and S(r) is the source. The photon propagation with the stable-state diffusion equation can be complemented by the Robin boundary condition 24, 25 (r) + 2k(r, n, n )D(r)[v(r) · ∇ (r)] = 0, r ∈ ∂ , (4) where v(r) is the outward unit normal vector on ∂ , and k(r, n, n ) is the boundary mismatch factor, which depends on the refractive indices n in and n in the surrounding medium.
The finite element method has been widely used for numerically solving the diffusion equations, especially for arbitrary geometries. Based on the finite element theory, the following matrix equations can be obtained by transforming Eq. (3) to its weak form and discretizing the domain with the shape function. The details of the process can be found in Ref. 20
where
ε is the light yield and X i, j (r) is the x-ray intensity at each vertex. ψ i and ψ j denote the corresponding elements of the test function.
II.C. Reconstruction method
Based on the photon propagation model above, we attempted to reconstruct the 3D distribution of the x-ray luminescent sample inside the tissues from the detection of light emission on the surface. Due to the high scattering of light in biological tissues, the reconstruction problem suffers from illposedness. Small perturbation in the measured data may cause large errors in the reconstruction results. For most approaches adopted in the reconstruction, it is common to utilize regularization techniques to overcome the ill-posed problem when trying to recover sample distribution from measurements with noise.
Since the matrix M in Eq. (5) is positive definite, we have
Equation (6) builds a linear relationship between the sample distribution and the NIR measurement. The reconstruction of the x-ray luminescence sample is to recover the x-ray luminescence sample density ρ from the measured photon flux density on the boundary ∂ . Due to the noise in the measured data on the surface and the ill-posedness of the reconstruction, it is impractical to solve ρ directly from Eq. (6). In most biological applications, the x-ray luminescence samples are sparsely distributed in the tissues, and therefore the sparse regularization method can be employed to find a regularized solution by minimizing the following object function
where λ is the regularization parameter. We employed the IVTCG method for the reconstruction problem, which can obtain fast and stable reconstruction by limiting the number of variables and combining a variable splitting strategy to find the search direction. 22 Meanwhile, a priori information has a great effect on the ill-posed reconstruction problem. 23 The permissible region strategy is the commonly used a priori information to reduce the ill-posedness problem as it does in BLT. 23, 26 Therefore, the a priori permissible region strategy is applied in the XLCT reconstruction problem. The permissible regions are determined by the surface photon flux density distribution and the anatomical structure of the phantom.
III. EXPERIMENT AND RESULTS
III.A. Experimental setup
A prototype cone beam XLCT system was built based on a micro-CT system and a CCD camera in our laboratory according to our imaging system strategy. Figure 2 shows the photograph of the experimental setup, which consists of a microfocus x-ray source (Apogee, Oxford Instruments), an x-ray flat panel detector (C7921CA-02, Hamamatsu, Japan), a motorized rotation stage, and a liquid-cooled back illuminated CCD camera (PIXIS 2048B, Princeton Instruments) with a focus lens (Micro-Nikkor 55 mm f/2.8, Nikon, Japan). A leadmade x-ray shield was used to protect the CCD chip from x-ray irradiation. This system can perform not only cone beam XLCT imaging, but also conventional cone beam micro-CT imaging, which provides the x-ray attenuation coefficient during XLCT reconstruction.
III.B. X-ray luminescence sample characteristics
In our experiments, an europium (III) oxide (Eu 2 O 3 ) precursor was used as a luminescence activator. As Ref. 5 transitions under x-ray irradiation, respectively. Before utilizing the x-ray luminescent sample to do XLCT experiments, we did the following preliminary experiment with the purpose of testing the stability of the sample.
The sample was put into a small transparent plastic container, positioned in the center of the system, and then excited by an x-ray source. The x-ray source was set to 50 kVp voltage and 1 mA current. The x-ray luminescent photons emitted from the sample were acquired by the CCD camera. A 2 × 2 binning operation was employed to improve the signal to noise ratio (SNR). The x rays radiated the sample con- tinuously for 15 min, and the luminescence photons were received by the camera every minute. The average of the luminescence flux density in a region of interest is calculated to analyze the change in the density with an increase in time. The relationship between the time and the average luminescence flux density is shown in Fig. 3 . The results showed that the sample was stable for at least 15 min, which is long enough to finish the XLCT experiments. Consequently, we did not need to consider temporal variations of x-ray luminescence in our experiment.
III.C. Simulation experiments
We divided this section into six parts: Sec. III.C.1: reconstruction with and without the permissible region, Sec. III.C.2: Reconstruction with different view numbers, Sec. III.C.3: reconstruction with different regularization parameters, Sec. III.C.4: reconstruction with different measurement noise levels, Sec. III.C.5: reconstruction with optical property mismatch, and Sec. III.C.6: reconstruction with nonhomogeneous phantoms. Section III.C.1 discussed the advantages of our proposed method compared to the uncompensated one to validate the feasibility of our method and applied the permissible region strategy to reduce the ill-posedness in reconstruction. Sections III.C.2-III.C.5 further studied the impact of the settings on the results from different view numbers, different regularization parameters, different levels of measurement noise, and optical property mismatch. Section III.C.6 used nonhomogeneous phantoms to simulate a more complex experimental situation and further evaluated our proposed method.
Three different cylinder phantoms (phantoms A, B, and C) with the same size of a 20 mm diameter and 20 mm height were used in this simulation study. Each phantom contained a small cylinder with a 2 mm diameter and 2 mm height to represent the x-ray luminescent sample. The centers of the three small cylinders were set to (10, 12.5, 13), (10, 15, 13) , and (10, 17.5, 13) mm, respectively, as shown in Fig. 4 . We used the cylinder phantom to mimic muscle tissue. The absorption and scattering coefficients of the phantom were set to 0.013 and 9.7 mm −1 , respectively. 17 The x-ray attenuation coefficient was set to 0.012 mm −1 . 28 The light yield ε was set to 0.15 cm 3 /mg. 27 The process of obtaining the luminescent data was simulated by Eq. (6) in Sec. II.B, in which the system matrix A is calculated by Eq. (7). The mass of the sample was set to 1.1 μg. By using the finite element method, cylinder phantoms A-C were discretized into 85 616 tetrahedral-elements and 15 741 nodes, 85 598 tetrahedral-elements and 15 727 nodes, 85 527 tetrahedral-elements and 15 719 nodes, respectively. The light yield ε, the optical parameters, x-ray attenuation coefficient, and the discretized information of the phantoms were substituted to matrix M, F, X in Eq. (7). Thus, the simulation data were obtained for the simulation study in Sec. III.C. The surface data of the phantoms were acquired at different angles with 36
• intervals for reconstruction. The distance from the sample to the surface of the phantom was 7.5, 5, and 2.5 mm in phantoms A, B, and C, respectively. From the surface data of the simulation shown in Fig. 5 , it is obvious that with the decrease in the distance from 7.5 to 2.5 mm, the lateral surface flux density distribution becomes larger, which is consistent with the real situation.
III.C.1. Reconstruction with and without the permissible region
In the inverse reconstruction, the cylinder phantom was discretized into 18 281 tetrahedral-elements and 3593 nodes. Considering the actual experiments, only the lateral surface flux density could be detected due to the limitation of the measurement. Hence, we only used the lateral surface density distribution of each phantom in reconstruction to simulate the actual experimental situation. From the lateral surface density distribution of the measured data in each phantom, the distribution of the luminescent sample could be reconstructed by the method described in Sec. II.C.
The proposed x-ray compensated cone beam x-ray luminescence computed tomography method was compared with the uncompensated algorithm in each cylinder phantom. In our simulation and phantom experiments, the reconstruction location error is the Euclidean distance of the reconstruction location and the actual location. The compared results are shown in Fig. 6 . As shown in Fig. 6 , compared with the uncompensated method which did not consider x-ray attenuation, the compensated method performed better. However, with the increase in the distance to the surface, the difference between the two methods became smaller, as listed in Table I . The possible explanation is that x-ray attenuation is related to the distance the x ray traveled. If the sample is positioned in the center of the phantom, the distance from the sample to the different view's surface of the phantom is nearly the same, which resulted in the same reconstruction error results in both methods.
As discussed in Sec. II.C, the permissible region strategy was applied to overcome the ill-posed problem. The permissible region was selected at the axial direction where the surface light power was larger than 20% of the maximum of the power to contain the actual location. The selection of the permissible region of phantom C is shown in Fig. 7 . Figure 7 (b) shows the photon fluence rate profiles along the horizontal dashed-dotted line shown in Fig. 7(a) . Table I , it is obvious that the reconstruction error decreased to less than 2 mm using our method with the permissible region strategy.
Combined with the reconstruction method based on a priori information, the reconstruction results improved effectively. However, the stability of the method remained to be discussed further. Moreover, the valid quantity of the reconstruction results still needs to be studied further despite the location results. Hence, four groups of the simulation experiments were conducted, which included different view numbers, different regularization parameters, different measurement noise levels, and optical property mismatch. Meanwhile, in each group of simulations, only one parameter changed while others stayed the same to ensure the accuracy of our study.
III.C.2. Reconstruction with different view numbers
During the previous experiments, the surface data of the phantom were obtained with 36
• intervals for reconstruction. The influence of different view numbers on the reconstruction results still needs further study on this part. The experiments were carried out with different view numbers from 4 to 10 for phantoms A-C, respectively. The quantity reconstruction results of phantom B under different view numbers are presented in Table II . The relative error of the quantity reconstruction results is defined as
where m real denotes the simulated quantity of the sample, and m reconstruction denotes the quantity reconstruction results of the sample. Table II shows that the relative quantity error varies from 8.18% to 12.73%. The reconstruction location did not vary with different view numbers while the quantity reconstruction results varied slightly with different view numbers, which can be seen from Table II . 
III.C.3. Reconstruction with different regularization parameters
Reliability evaluation of the regularization parameters was performed in this section. For the regularization parameter, it was manually chosen by experience. A series of different values with different orders of magnitude (10 −14 to 10 −18 ) were used to test its impact on the results. The experimental results are shown in Fig. 10 The results also show slight discrepancy in the way of sample distribution information in Fig. 10(g). From Fig. 10 , we can see that the reconstruction results did not vary in the reconstruction location and varied slightly in the sample distribution with change in the regularization parameter.
III.C.4. Reconstruction with different measurement noise levels
A set of simulations was performed to test the reconstruction robustness by adding different levels of noise to surface measurements. The noise obeyed the normal distribution with a mean of 0 and the standard deviation varied from 10% to 50% of the average of the surface measurements with a 5% interval. The reconstruction results with different noise levels are shown in Fig. 11 . For all of the noise levels considered, the reconstruction locations were identical to those without noise. Moreover, the results also performed a little different in the way of distribution information, which shows that the measurement noise did not affect the imaging quality very much. The results indicate that the proposed method is robust to measurement noise. As shown in Fig. 11 , the reconstruction results stay the same level for each phantom with the change in noise level. However, the reconstruction results became lower when the depth of the sample in the phantom was increasing. This can be explained by the fact that the light emitted from the sample was absorbed and reflected by the tissues or the phantom, which means that more energy was lost in the tissues or the phantom with an increase in the sample location depth.
III.C.5. Reconstruction with optical property mismatch
Evaluation of tolerance for optical property mismatch was performed in this part. In most reconstruction applications, there is an inevitable difference between the optical properties used in the reconstruction and the actual physiological values. In this section, the robustness of the proposed method under inaccurate optical property conditions was investigated by adding perturbation to absorption and reducing scattering coefficients of phantoms A-C. The optical property mismatch of ±10% and ±20% in both absorption and reduced scattering coefficients was introduced into the tissues. A total of eight combinations for each phantom was studied as listed in Table III and ten independent reconstructions for each optical mismatch combination were carried out to ensure the reliability of the results.
The reconstruction results of phantom C are shown in Table III and Fig. 12 . The reconstruction results in Table III are the averages of ten independent reconstruction results in each case. The error bar of the reconstruction results under different optical mismatch combinations is shown in Fig. 12 . From the experimental results, it was obvious that the reconstruction sample center was not affected by the optical parameter perturbation. Furthermore, it was found that the reconstruction quantity results varied slightly in each case as shown in Table III . The range of the relative quantity error was from 25.45% to 29.09% to the actual quantity of the sample, which was calculated by Eq. (9). The results showed that the proposed method was robust against optical parameter perturbation. Similar conclusions were obtained from phantoms A and B, which are not presented here.
After the four groups of experiments, it shows that this method combined with the permissible region has a good performance in XLCT reconstruction and has good robustness and stability. In Sec. III.C.5, the reconstruction was repeated ten times for each group of mismatched optical parameters and the reconstruction error remained at the same level. Hence, the reconstruction results tended to be consistent and did not show statistical fluctuation.
III.C.6. Reconstruction with nonhomogeneous phantoms
To further evaluate the proposed cone beam x-ray luminescence computed tomography strategy, we applied it to a more complex situation. Two different cylinder phantoms (phantoms D and E) of the same size with a 25 mm diameter and 25 mm height were used in the numerical study. Each phantom consisted of a small cylinder with a 6 mm diameter and 25 mm height. The sample was set to a cylinder with a 2 mm diameter and 2 mm height. The center of the sample was set to (7.5, 13.5, 17) and (12.5, 7.5, 17) mm for phantoms D and E, respectively. We used the small and large cylinder phantoms to mimic liver tissue and soft tissue, respectively. The optical coefficients and the x-ray attenuation coefficient of both cylinders in a phantom are listed in Table IV . 17, 28 The process of the luminescence photons emitted by the x ray was also simulated by the finite element method, as described in Sec. III.C. The cylinder phantoms D and E were discretized into 67 591 tetrahedral-elements and 12 521 nodes, 61 049 tetrahedral-elements and 11 920 nodes, respectively. The surface data of the phantom were also acquired at 36
• intervals.
In the inverse reconstruction, the cylinder phantom was discretized into 18 517 tetrahedral-elements and 3629 nodes. From the measured data, the distribution of the luminescent sample could be reconstructed by the method described in Sec. II.C.
The reconstruction results are shown in Fig. 13 . Figure 13 of phantom D was at (6.84, 15.26, 17 .58) mm and the location error was 1.97 mm. The maximum reconstruction value of phantom E was at (12.04, 6.24, 16 .73) mm with the location error 1.37 mm. From this result, we can see that the 3D reconstruction of the x-ray luminescent sample distribution by the cone beam XLCT strategy was feasible in nonhomogeneous phantoms.
III.D. Physical phantom experiments
In this subsection, we evaluated the proposed cone beam x-ray luminescence computed tomography strategy with the physical cylinder phantoms. Three polyoxymethylene made cylinder phantoms with a 20 mm diameter and 20 mm height were used to mimic biological tissues. The absorption and scattering coefficients of the small cylinder were set to 0.025 and 11.15 mm −1 , respectively, which were measured by diffuse optical tomography. A plastic capillary with a 1 mm radius and 3 mm height was used to contain the x-ray luminescent sample and was embedded in each phantom.
The x-ray luminescent sample was excited by an x-ray source from four different directions with 90
• intervals and the luminescent photons emitted from the phantom were acquired by the CCD camera. Based on our above discussion in Sec. III.C.2, different view numbers have slight effect on the reconstruction results with permissible region strategy. Hence, four view numbers were applied for the purpose of decreasing the scanning time and the x-ray exposure dose. The time of exposure was 30 s. The micro-CT scanning was also performed (50 kVp, 1.0 mA, 360 views with 1
• intervals) in the experiment to get the physical structure and the corresponding x-ray attenuation coefficient of the phantom. The image acquisition system was enclosed in a light-tight environment to avoid the outside light effect. During the luminescence signal collection, the exposure time was set to 30 s. It only took about 134 s to complete four collection times considering the rotation time, which was far less than 15 min. Since micro-CT collection was completed after the luminescent signal, the time of the micro-CT collection would not affect the stability of the sample. Even adding the time of micro-CT collection approximately 400 s in our experiment, the total time was still less than 15 min. Hence, the stability of the sample could be ensured during the whole experiment as we discussed in Sec. III.B.
In the inverse reconstruction, the cylinder phantom was discretized into 23 369 tetrahedral-elements and 4762 nodes, 23 733 tetrahedral-elements and 4826 nodes, and 23 331 tetrahedral-elements and 4753 nodes, respectively, from the micro-CT results by AMIRA. The permissible region was chosen in the same way as in the simulation study. From the measured data, the distribution of the luminescent sample could be reconstructed by the method described in Sec. II.C. Figure 14 shows the cylinder phantom experimental surface data. Figures 14(a) each phantom. In the physical phantom experiments, we first collected the luminescent signal, and then obtained the micro-CT information. The CT results were reconstructed by the filtered backprojection (FBP) method. 29 The average x-ray attenuation coefficient of the phantom was 0.024 mm −1 , which was obtained from the CT results. The centers of the capillary in each phantom were (11.9, 17.5, 12.3), (10.9, 15.2, 11.5), and (11.8, 13.4, 10.5) mm, respectively, and were obtained Table V . Figure 16 presents the cylinder phantom reconstruction results of phantom A. Figure 16(a) shows the 3D view of the reconstruction results. Figure 16(b) shows the transverse view of the results and the comparison with the corresponding CT slices. The green line with crosses denotes the actual sample center and the red line with crosses denotes the reconstruction center. The reconstruction error was less than 2.2 mm, which was consistent with the simulation experiments. From these results, we can see that the 3D reconstruction of the x-ray luminescent sample distribution by the cone beam XLCT strategy could be applied to the actual scan environment. However, due to the ill-posed problem in the phantom reconstruction and the decreased number of the fluorescence data collected from the CCD camera, the reconstruction error was slightly bigger than in the simulation experiments, which was normal in the phantom experiment. However, the light yield ε of the sample could not be obtained in our present system conditions. Hence, the quantity reconstruction results were not discussed and will be studied in future. Therefore, the unit of Fig. 16 was ignored. 
IV. CONCLUSION AND DISCUSSION
In view of the drawbacks of the previous narrow beam XLCT imaging and the development of the optical 3D reconstruction of BLT and FMT, we proposed a new cone beam XLCT method in this paper, which could improve the efficiency of x-ray utilization and reduce scanning time. In our method, we used the diffusion approximation model to describe the photon propagation in tissues, and employed the sparse regularization method for reconstruction. The validity of the method was demonstrated by the simulation study and the phantom experiments. The simulation experiments showed that our proposed method was stable and robust against different view numbers, different regularization parameters, different measurement noise levels as well as optical property mismatch. The complex simulation obtained good results, which could further evaluate the application of our method.
Due to the high optical scattering in biological tissues, the resolution of 3D optical imaging for small animals was limited to a relatively low level. For example, as reported, other optical imaging methods, such as BLT and FMT, were shown to yield the millimeter or submillimeter resolution. 10, 12, 21, 30 Correspondingly, as shown in our experiments, the reconstruction error of our proposed XLCT method reached a 1-2 mm level. These results were comparable with the BLT or FMT results. Since BLT and FMT have been successfully used in small animal imaging, thus, the reconstruction results of cone beam XLCT should be acceptable and precise enough for research applications.
Because of the ill-posed problem in reconstruction, the reconstruction error of cone beam XLCT was relatively lower than that of narrow beam XLCT, in which the error was determined by the beam width and sampling. 9 By restricting the x-ray beam to be thin enough, the "traditional" XLCT with pencil beams is able to obtain better reconstruction results. For example, Carpenter et al. 9 reported that objects as small as 1 mm in size could be resolved using a 1 mm beam width. However, the scanning time in our method could be shortened with the cone beam x-ray scanning strategy. In our physical XLCT experiment, only four angle cone beam scanning procedures were used. The exposure time for each angle was 30 s. For the previous narrow beam XLCT, for example, a phantom scanning needed to be translated 26 times and rotated 20 times with a 1 s exposure. 27 The small exposure time in their experiment was caused by the use of a large x-ray tube current (30 mA). In contrast, the x-ray tube current in our experiment was only 1.0 mA. Nonetheless, our total scanning time was still much shorter than the narrow beam XLCT strategy. The improvement in scanning speed would contribute to the practical application of the XLCT technique.
As mentioned in Sec. II.C, the permissible region strategy is applied to reduce the ill-posedness problem in reconstruction. This indicates that the permissible region strategy has a remarkable effect on the reconstruction. The phantom results show that the proposed method is basically insensitive to the number of views, regularization parameter, noise level, and optical property mismatch with the permissible region strategy. However, we found that the smaller the permissible source region, the better the reconstruction results. For example, if we applied the permissible region, which possesses a maximum source power of 10%, there exist obvious discrepancies in source distribution even though the location error remains the same under different parameters. When it comes to 5% of a maximum source power, the reconstruction location error becomes even bigger for phantom C, especially under smaller view numbers. A similar conclusion can be drawn from Ref. 20 . The situation may become complex
